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Porous metal foams have been used as alternative flow-fields in proton exchange mem-
brane fuel cells (PEMFCs), exhibiting improved performance compared to conventional
‘land and channel’ designs. In the current work, the mechanical behaviour of PEMFCs using
metal foam flow-fields is investigated across different length scales using a combination of
electrochemical testing, X-ray computed tomography (CT), compression tests, and finite
element analysis (FEA) numerical modelling.
Fuel cell peak power was seen to improve by 42% when foam compression was
increased from 20% to 70% due to a reduction in the interfacial contact resistance be-
tween the foam and GDL. X-ray CT scans at varying compression levels reveal high levels
of interaction between the metal foam and gas diffusion layer (GDL), with foam ligaments
penetrating over 50% of the GDL thickness under 25% cell compression. The interfacial
contact area between the foam and GDL were seen to be 10 times higher than between
the foam and a stainless-steel plate. Modelling results demonstrate highly uniform
contact pressure distribution across the cell due to plastic deformation of the foam. The
effect of stack over-tightening and operating conditions are investigated, demonstrating
only small changes in load distribution when paired with a suitable sealing gasket
material.
© 2019 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).hen).
s/aae
vier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY
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Table 1 e Open-cell nickel foam parameters.
Parameter Value Source
Thickness 1.6 mm Manufacturer
Cell size 110 ppi Manufacturer
Density 262.5 kg m3 Manufacturer
Overall porosity 86.5% X-ray CT
Flow porosity 84.0% X-ray CT
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The management of reactant gas distribution and product
water removal in proton exchange membrane fuel cells
(PEMFCs) is essential in maximising fuel cell performance and
preventing flooding due to excess accumulation of liquidwater
[1]. Themost widely utilisedmethod of reactant distribution in
PEMFCs is through flow channels that are machined, pressed
or etched into the bipolar plate (BPP) [2]. The ‘channel’ area is
used for gas distribution and product water removal, whereas
the remaining ‘land’ area is in contact with the gas diffusion
layer (GDL) to facilitate electron transport, waste heat removal
and structural integrity [3]. The arrangement of the land and
channel geometry for improving fuel cell performance has
seen extensive study in the literature. Wang et al. [4] studied
the optimum land-to-channel geometry of a PEMFC flow-field,
concluding that an equal land and channel area of 0.5 mm
width and 0.5 mm depth gave optimum performance. Many
studies have been conducted to evaluate the different ar-
rangements of flow channels for even reactant distribution
across the surface of the cell [5]. Sasmito et al. [6] conducted
numerical studies comparing six different flow-field designs,
evaluating current density and temperature distribution as
well as parasitic pumping losses. Whereas Liu et al. [7] exper-
imentally studied seven different flow-field patterns for opti-
mum flow distribution, with the serpentine flow channel
showing the best performance. Of the many different flow
channel designs studied in the literature, the most commonly
used is themulti-serpentine design due to its reduced pressure
drop compared to a single serpentine design, but improved
water removal compared to a parallel channel design [3].
Whilst the land and channel design has seen extensive use,
there are some inherent disadvantages of this design. At high
current densities, product water can accumulate under the
land area, restricting diffusion of reactant gas across the GDL
and lowering performance [4]. This phenomenon was experi-
mentally observed by Meyer et al. [8,9] using neutron radiog-
raphy. Contact between the BPP and GDL is also uneven, with
high contact pressures under the land area and no contact
pressure in the channel areas; this can lead to uneven
compression of the GDL, as observed by Mason et al. [10].
Kusoglu et al. [11] also demonstrated high levels of membrane
shear stress at the transition between the land and the channel
during hydration using a finite element analysis (FEA) model.
Several alternatives to conventional flow-fields have been
proposed in the literature, including porous flow-fields [12],
interdigitated flow-fields [5] and three-dimensional lung-
inspired flow-fields [13]. Flow-fields utilising open cell porous
metallic foam flow-fields have seen increased interest due to
high porosity (>85%), high thermal conductivity and low
electrical resistance [12,14e18]. Metallic foam flow-fields were
first used as PEMFC flow-fields byMurphy et al. [19] who tested
an eight-cell 520 W fuel cell stack using gold plated nickel
foam. Kumar and Reddy [20,21] compared the performance of
stainless steel foam, NieCr foam and conventional multi-
serpentine machined flow channels; demonstrating
improved performance of the NieCr foam compared to the
conventional flow-fields, especially in the mass transport re-
gion. Modelling studies by the same authors [22] showedincreased performancewas due to a reduction in flow channel
permeability, at the expense of increased pressure drop. More
recently, numerous studies have been conducted using
metallic foam flow-fields in PEMFCs. Including the influence
of foam cell size [23], cold start behaviour [24], water transport
[25,26], flow-field separators [27], flow distribution [28,29] and
graphene coatings for increased corrosion resistance [30,31].
X-ray CT scanning and reconstruction techniques are
highly insightful ways in which to non-destructively analyse
fuel cell materials. X-ray CT has been used to great effect in
the fuel cell field of research, such as the analysis of GDL
materials [32e34]. A recent study by Jinuntuya et al. [35] used
X-ray CT techniques to scan three different constructions of
GDLs. The scans were then reconstructed to form a 3D model
of the material to be then used in a Lattice-Boltzmann simu-
lation of water flow through thematerial. More recently, Hack
et al. [36] used X-ray CT techniques to analyse the mechanical
structure and durability differences between different
methods of a fuel cell assembly. The behaviour of the carbon
fibres under compression has been of particular interest
[37e42] to recreate and understand the deformations occur-
ring to the fibres under a flow field, revealing a reduction in
porosity and tortuosity that is directly affected by the type of
GDL and initial porosity.
These techniques allow analysis of the structure of fuel
cells, and the scans can then be reconstructed to form amodel
of the materials. Further modelling research can then be un-
dertaken in silico such as porosity-tortuosity analysis, flow
modelling, and even mechanical analysis.
Whilst there have been numerous studies investigating the
performance of metallic foam fuel cells, the influence on
mechanical behaviour has not been studied. In this paper, the
mechanical behaviour of metallic foam flow-fields has been
studied from the micro-scale interactions between the foam
and GDL, to macro-scale behaviour at cell and stack level. A
combination of experimental analysis, X-ray computed to-
mography and finite element modelling is used, with com-
parisons drawn to conventional land and channel designs.Experimental
The following sections detail the experimental tests con-
ducted to characterise the mechanical behaviour of metallic
foam flow-fields in PEMFCs. All tests were conducted using
1.6 mm thick commercial nickel foam sheets (Corun New
Energy, China). Table 1 shows details of the foam properties;
parameters are either taken from the manufacturer's specifi-
cation or obtained from the X-ray CT scans detailed in Section
Electrochemical testing.
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The membrane electrolyte assembly (MEA) was constructed
by hot pressing a dry Nafion® NRE-212 (Dupont, USA) mem-
brane between two catalyst coated gas diffusion electrodes
(GDEs) (ELE0162, Johnson Matthey, UK) at 2760 kPa, 130 C for
3 min [43]. The GDE consisted of a carbon paper GDL, micro-
porous layer and catalyst layer with 0.4 mg Pt cm2.
Polarisation and electrochemical impedance spectroscopy
(EIS) tests were conducted on a PEMFC with metal foam flow
fields at three different compression levels. A 25 cm2 MEAwas
placed between foam flow fields which were gold coated for
corrosion resistance, gaskets of different thickness (1.5, 1.0
and 0.5 mm) were then used to control the foam compression.
Each cell was conditioned through rapid polarisation curve
cycling for ten repetitions, or until the overall cell performance
no longer improved. The potential was stepped in 0.05 V in-
crements at 5 s per step. Once the cells were conditioned, a
slow polarisation curve was taken and is presented in this
work. The voltage was swept at 0.01 V increments at 30 s per
point to allow sufficient time to settle at each potential point.
All testing was undertaken on an 850e fuel cell test system
(Scribner and Associates, USA) using a stoichiometric flow for
both anode and cathode gasses of 1.5 and 3 respectively. The
cell temperature was 70 C with gas relative humidity set at
75%. EIS was undertaken using a potentiostat (Gamry Refer-
ence 3000, Gamry Instruments USA) with an AC current set at
10% of the cells DC current. Compression of the metal foam
flow-field was measured using a digital micrometer when
disassembling the cell, this technique is valid for metal foams
since elastic deformation under compression is negligible.
X-ray CT
X-ray CT imageswere collected using a laboratory-based Zeiss
XRADIA 520 VERSA (Carl Zeiss X-Ray Microscopy Inc., Cali-
fornia) fitted with a CT5000 in-situ compression/tension
testing stage (Deben, UK). Two tests were conducted;Fig. 1 e (a) Empty assembly inserted inside the Deben compressi
aluminium cylinders (grey) and Kapton tube (orange). (b) Close
foam (blue) (Kapton tube removed), (d) assembly with the twom
(black) and Nafion membrane (red) (Kapton tube removed). (For
legend, the reader is referred to the Web version of this article.compression of a single sheet of metal foam and compression
of an MEA sandwiched between two metal foam flow-fields.
Two custom made aluminium plates were machined, on
which the sample is installed. An X-ray transparent Kapton
tube (2.05 mm diameter) was fitted around the aluminium
cylinders to enable alignment of the two cylinders and of the
samples during assembly and ensure that only vertical
displacement of the cylinders occurs during compression
(Fig. 1b). In the single sheet compression, a 2.0 mm diameter
foam disc was inserted in the assembly (Fig. 1c) and com-
pressed from 1.6 mm thickness to 0.22 mm.
Six scans were conducted during the compression process.
At each compression level, 2201 projections were captured
using a 5.0 s exposure time and 80 kV source voltage. Image
resolution was 5.1 mm per pixel. A camera binning of 4 was
used, with an optical magnification of 4 times.
In the foam/MEA compression test a 1.0 mm diameter
section of MEA was prepared as described in 2.1 and placed
between two sheets of metal foam, representing the structure
of a PEMFC with metal foam flow-fields (Fig. 1d).
The MEA and metal foam had not been used in a fuel cell
prior to testing. Scans were conducted at 0%, 15% and 25%
compression. Each scan contained 1601 projections using a
32 s exposure time and 80 kV source voltage. Image resolution
was 1.7 mm per pixel. A camera binning of 4 was used, with an
opticalmagnification of 20 times. A high binningwas used due
to the difference in density between the foam (high density)
and the carbon fibres (low density), to reduce the exposure
time while improving image quality, at the detriment of the
resolution of the GDL fibres.
Reconstruction of the radiographs into a 3D volume was
achieved using a cone-beam filtered back-projection algo-
rithm (Reconstructor Scout-and-Scan, ZEISS). To calculate the
interface properties for each component material in the MEA,
the normalised interface contact area and material fraction
per slice were defined.
The normalised contact area (Ai;j) between eachmaterial in
the MEA was calculating using Eq. (1):on stage between the two compression plates (brown), with
up of the Kapton tube, (c) assembly with the 2 mm metal
etal foams and the 1 mmMEAwith the GDLs (yellow), MPLC
interpretation of the references to colour in this figure
)
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ai;j
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1
Where ai;j represents the contact area betweenmaterials i and
j respectively, determined by the surface area patch modules
in Avizo and Ag the geometric surface area.
Then the material fraction per slice (XiðzÞ) was calculated
using Eq. (2):
XiðzÞ ¼ niðzÞn 2
Where niðzÞ is the number of pixels that are segmented for
material i at slice z, and the total number of pixels in the slice
n, calculated using ImageJ software. The coexistence of the
materials in a slice is considered to be true when two or more
materials are visible on subsequent slices through the z axis.
Foam compression tests
Uniaxial compression tests were conducted on the metal
foam to ASTM C365 [44] using an 8872 25 kN fatigue testing
system (Instron, USA). Tests were conducted on 25 mm
diameter circular samples, compressed from 1.60 mm to
0.46 mm at a rate of 0.3 mm per minute, reaching a maximum
load of 4.0 kN. Force and displacement were recorded at
2.0 Hz. Six repeats were conducted then averaged; deviation
from the mean was less than 10%.
Interfacial contact resistances (ICR)
Resistance measurements were conducted at different
compression pressures to isolate the interfacial contact re-
sistances (ICRs) between the GDL, metal foam and the current
collector plate. To obtain the measurements, a 5 cm2 metal
foam section was placed between two gold-coated copper
plates of the same dimensions, and compressive pressure
applied using a controlled compression rig that was manu-
factured in-house. Resistance was measured using a poten-
tiostat (Gamry Reference 3000, Gamry Instruments USA) with
a resolution of ±1%. Measurements were taken for the two
plates without the foam, with a single foam section between
the plates and with a single foam/GDL assembly.
ICRwas calculatedusing themethodof El-Kharouf et al. [45].
The measured resistance between the two plates under
compression was subtracted from the measured resistance of
the same setupwith the foampresent. The resulting resistance
was then divided by two to account for the two interfaces, one
with each plate. The difference in resistance with and without
theGDLpresentwasused to evaluate the ICR between the foam
and GDL. This method assumes that the contact resistance
between the two gold-coated plates and through-plane resis-
tance of the foamare both negligible,which is reasonable given
the high conductivities of gold and nickel relative to the ICR.Finite element model
To analyse the mechanical behaviour of the metallic foam at a
cell and stack level, a finite element model of a 100 cm2 activearea cell was created in the commercial package Abaqus. The
model consists of 20 mm thick steel endplates with eight steel
bolts, stainlesssteelbipolarplatesandcurrentcollectors, silicone
gasket, metal foam flow-field, GDL and membrane. By applying
symmetry in the x, y and z planes, only 1/8th of the geometry is
modelled, significantly reducing computational resources.
The endplate, BPP, membrane and clamping bolts were all
modelled as being linear elastic. Non-linear compressive
properties of the gasket and GDLwere accounted for using the
hyperelastic material model based on uniaxial compression
data from Ref. [46]. The metal foam was modelled as a ho-
mogeneous volume using the crushable foam hardening ma-
terial model and experimental data from the current work.
Considering the foam as a homogeneous structure does not
account for individual foam pore behaviour, but significantly
reduces the meshing complexity, allowing cell-level simula-
tions to be conducted. The validity of this assumption is
demonstrated by comparing the results of the X-ray CT scans
to the 3D FEA in Section Analysis.
A 1.0 mm thick gasket was used in the model to control
foam compression and provide a gas-tight seal around the
MEA. During assembly, the metal foam flow-field was first
compressed before the current collector or bipolar plate con-
tacts the gasket, as illustrated in Fig. 2b. In the FEA model,
tangential contact between all components was modelled
using a constant 0.3 coefficient of friction and normal contact
using the exponential pressure-overclosure model. A
compressive load of 1500 N per bolt was applied during initial
compression, after which the bolt lengths were fixed, and
assembly conditions applied to all components.
The componentsweremeshedusingC3D8R elements.Mesh
seedsvaried between components, ranging between2.0mmfor
the endplate to 0.5 mm for the membrane and GDL. A mesh
optimisation study showed that further decreasingmesh seeds
resulted in output results variation of less than 1%. The 1/8th
model of the five-cell stack contained 70,720 elements.
As identified by Kusoglu et al. [11], the influence of tem-
perature and hydration during operation can have a signifi-
cant effect on the stress experienced by the membrane.
Experiments conducted on Nafion® 112 membranes by Tang
et al. [47] showed a 77% reduction in Young'sModulus and 10%
volume swelling when moving between 25 C 30% RH and
85 C 90% RH. To account for membrane swelling, an equiva-
lent coefficient of expansion (a') [48] was used to represent
both thermal expansion of the membrane and swelling due to
water uptake as a single value compatible with commercial
FEA software. Shown in Eq. (3), where a is the thermal
expansion coefficient, DT the temperature difference, b the
membrane expansion coefficient and Dl the change in mem-
brane water content. Variation in membrane stiffness under
operational conditions is accounted for using a two-
dimensional (temperature and humidity) look-up table for
the Young's Modulus from Ref. [48].
a' ¼ aDTþ bDl
DT
3
A list of the material properties used in the FEA model is
shown in Table 5. The model was validated by replicating the
compression tests of Section X-ray CT and comparing relative
displacement of the MEA components under the same
Fig. 2 e Uncompressed five cell FEA model of (a) 8 bolt stack and (b) close up cross section of foam/gasket spacing. Blue -
metal foam, white - gasket, red - MEA, gold - BPP, light/dark grey - endplate/bolts. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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sults are discussed in Section Analysis. In addition to themetal
foam flow-field, a conventional multi-serpentine channel in a
graphite bipolar plate was also modelled for comparison.Analysis
Effect of foam compression on electrochemical performance
The polarisation curves and EIS of the foam flow-fields in a
working cell at different overall foam compressions are shown
in Fig. 3. Increasing compression is seen to improve perfor-
mance within the region tested, primarily due to a reduction in
contact resistance of the cell as demonstrated by the reduction
inhigh frequency intercept inFig. 3b.Higher levelsof foamflow-
field compression also increase mass transport losses due to a
reduction inflowfieldporosity influencing reactantdistributionFig. 3 e Influence of foam flow-field compression on fuel cell pand product water removal. Increasing mass transport losses
can be seen in the establishment of a low frequency arc at the
highest compression in Fig. 3b. For all the flow rates and
compression levels tested, pressure drop across the foam flow-
fielddidnot exceed100mBar, the three increasing compression
levels correspond the foam porosities of 86.8, 83.2 and 72.7%
respectively based on interpolation of Table 2.
The ICR measurements of the foam with and without a
GDL are shown in Fig. 4 and allow the foam contact re-
sistances to be studied independently of the MEA. The contact
resistances between the foam and plate, and between the
foam and GDL, are comparable to the lowest interfacial re-
sistances between a conventional GDL and graphite plate [45].
The low interfacial resistance between the metal foam and
GDL is due to the intrusion of foam ligaments into the GDL,
increasing the normalised contact area. To enhance the un-
derstanding of this process, the compression of the cell with
metal foams is studied in extensive details.erformance (a) Polarisation curves, (b) EIS at 800 mAcm¡2.
Table 2 e Results from foam compression experiments.
Thickness
(mm)
Compression
level (%)
Normalised interfacial
contact (%)
Porosity (%) Average pore
volume (mm3)
Stress (MPa)
1.45 0.00 0.10 89.15 0.018641 0.19
1.20 17.27 3.14 87.46 0.018445 0.64
0.95 34.53 6.52 83.46 0.014856 0.89
0.70 51.80 7.86 82.77 0.010420 1.35
0.45 69.06 11.20 73.66 0.006194 2.46
0.20 86.33 17.14 55.39 0.001510 e
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The deformation of the foam structure is clearly visible at the
different compression levels (Fig. 5). The porosity of the
sample under compression was calculated from the X-ray CT
data, as described in Section X-ray CT, the volumes above and
below the foam sample at 0% compression were removed
from the porosity analysis. Foam porosity (f) is reduced under
compression as the gas volume (Vgas) reduces as a fraction of
the total volume (Vtotal), Eq. (4). The theoretical change in
porosity (ftheo) with compression (x) can be determined from
the zero-compression porosity (f0) using Eq. (5), assuming
only the gas volume is reduced during compression.
f ¼ Vgas
Vtotal
4
ftheo ¼
f0  x
1 x 5
The theoretical and measured foam porosities under
compression are compared in Fig. 6a. Good agreement is seen
at compression levels below 50%; however, as compression
increases the theoretical porosity under-predicts the
measured porosity, implying that the volume inaccessible to
fluid flow is also reducing at higher loads. This occurs due to
the compression of voids in the foam ligaments created dur-
ing the manufacturing process. These voids are not included
in the calculation of Vgas since they are inaccessible to fluid
flow; however, their volume is included in Vtotal. It is thereforeFig. 4 e Measured foam ICR.important to consider these effects if compression levels
greater than 50% are to be used.
The foam properties measured under compression are
shown in Table 2, normalised interfacial contact area is seen
to increase linearly with compression and average pore vol-
ume decrease linearly after the initial elastic compression
region. The increased contact area between the foam and
platens leads to reduced interfacial resistances, whereas
decreasing average pore volume increases the pressure drop
through the foam. The optimum compression for a PEMFC
must therefore compromise between minimising both ICR
and parasitic loads for maximum performance.
The relationship between compressive load and material
thickness is shown in the stress-strain curve of Fig. 6b. Aswith
other metallic foam structures, the stress-strain relationship
shows three distinct regions with different gradients: the
elastic region (up to 0.08 strain), the plateau region (0.08e0.55
strain) and the densification region (above 0.55 strain) [49]. In
the plateau region, individual ligaments within the foam are
being plastically deformed, reducing the gas volume and
hence porosity. The load increment required to deform each
ligament is small compared to the total load applied, resulting
in a lower gradient (stiffness) in this region. As the strain is
increased, the material enters the densification region in
which the deformed ligaments contact each other and the
material stiffness approaches that of the solid bulk material.
The transition between the plateau and densification regions
is also seen to coincide with the point at which the theoretical
and measured porosities diverge in Fig. 6a.
Under conventional fuel cell compression pressures
(1.0e1.5 MPa [50]) the foam transitions between the plateau
and densification regions. The large amount of plastic defor-
mation during assembly is beneficial in providing even load
distribution across the surface of theMEA and absorbing small
deflections in the endplate. However, over-compression of the
fuel cell stackwill lead to irreversible compression of the flow-
fields. For a flow-field depth of 0.8 mm, the measured porosity
of the foamwould be 83.1%, the normalised interfacial contact
area 7.32% and 1.14 MPa of compression required.
The stress-strain relationship of the FEA model is
compared to the experimental results in Fig. 6a, showing an
excellent fit with only minimal deviations in the elastic region
due to the linear assumption of the model.
MEA compression
Three-dimensional reconstructions from the X-ray CT scans of
the foam flow-field and MEA under compression are shown in
Fig. 7a, b ande.Toachievea suitable resolutionat theGDL length
Fig. 5 e X-ray CT images of foam under different compression levels.
Fig. 6 e Compression characteristics of metal foam (a) experimental and theoretical porosity at different foam compression,
(b) experimental and FEA model stress strain relationship of foam.
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x, y and z directions, respectively; meaning the full foam flow-
field thickness and compressing plates were not captured. Ma-
terial fraction analysis for each scan layer in the z-direction isshown in Fig. 7c, d and g for the different compression levels. A
material fraction of 1 signifies a solid structure with zero
porosity; avalue lower than1 implieseitheraporousstructureor
the presence of multiple materials in the same layer.
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Table 3 e Component properties at different compression
levels, thickness measurements are ±1.7 mm.
Compression 0% 15% 25%
Foam thickness (mm) (in field-of-view) 214.7 207.9 207.9
281.2 245.3 209.6
GDL thickness (mm) 173.8 148.2 144.9
155 132.9 124.4
MPLC þ Nafion thickness (mm) 143.1 134.6 134.7
Foam to GDL normalised contact area (mm2/mm2) 0.04 0.26 0.41
Fig. 8 e Comparison of GDL compression with total
compression, experimental and FEA model.
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large pore size of the foam relative to the GDL lead to intrusion
of individual foam ligaments into the GDL under compression.
At the maximum 25% compression, foam ligaments are seen
to intrude over 50% through the GDL depth (Fig. 7f). Inspection
of the material thickness fractions confirms that the foam
does not puncture the membrane or catalyst layer. As the
ligaments penetrate the GDL, the GDL also fills the open pore
volume of the foam, increasing the contact area between the
foam and GDL and dispersing the compressive load. This is
shown in the increased material fraction overlap. At 25%
compression, the normalised interfacial contact area between
the foam and GDL was 41%, compared to 4.7% between the
foam and stainless-steel compression plate.
The porosity distribution through the thickness of the
flow-field and MEA under 25% compression is shown in
Fig. 7h. The porosity reduces from 75% in the foam flow-field
to 0% at the membrane interface without any step changes
in porosity, such as the step between the land and channel
flow-field and GDL in a conventional flow-field. The more
regular porosity variation of the compressed foam flow-field
improves reactant distribution at the catalyst layer
compared to the conventional land and channel structure;
which are prone to reactant starvation and liquid water
accumulation under the land area. Previous studies using
metal foam flow-fields have shown improved performance
compared to land and channel designs at high current den-
sities where mass transport effects dominate [23].
The thickness of the different components during
compression is shown in Table 3, calculated as the thickness
containing 98% of the material. The microporous layer/cata-
lyst (MPLC) and Nafion have been considered as a single layer
due to material intrusion during hot pressing and the
magnitude of MEA undulation compared to the individual
layer thickness. Despite the bulk nickel stiffness being
significantly greater than the GDL, most of the compression
occurs in the foam flow-field and not the MEA. This is caused
by lower relative structural stiffness of the open cell foam and
pre-compression of theMEA components during hot pressing.
The Nafion andMPLC undergo no notable change in thickness
under compression, whereas the GDL thickness reduces up to
15% cell compression then only changes by a small amount
between 15% and 25% overall compression. To the author's
best knowledge, this is the first time a complete MEA, with
novel flow field plate, is compressed in-situ.Fig. 7 e X-ray CT images and analysis of foam flow-field and M
compression, (c) 0% compression material fraction, (d) 15% com
compression detailed cross section, (g) 25% compression materThe finite element model, described in Section Finite
element model, is used to evaluate the mechanical behav-
iour of metal foam flow-field fuel cells at the macroscopic cell
and stack level. To evaluate the model accuracy, compression
of a single MEA and metal foam flow-field were simulated
using the same properties and dimensions as the X-ray CT
images, without the presence of the MPLC. The GDL
compression of both the model and CT scans as a function of
total compression is shown in Fig. 8, showing good agreement
in both magnitude and gradient. Discrepancies between the
model and CT scans are potentially caused by the assumption
of a homogenous foam and GDL in the model, ignoring
penetration effects, and irreversible compression of the GDL
during hot pressing. From the foam compression of Fig. 6b and
GDL compression of Fig. 8, it can be concluded that the FEA
model provides a suitable representation of macroscopic
compressive behaviour in a PEMFC with metal foam flow-
fields.
The contact pressure distribution across the interface be-
tween the GDL and metal foam flow-field of a 100 cm2 active
area single fuel cell assembly with sealing gasket is shown in
Fig. 9a. The contact pressure distribution for a conventional
land and channel flow-field using graphite bipolar plates is
shown in Fig. 9b for comparison. In the model, both cells are
assembled using an 8-bolt design with endplates of identical
geometry and 1.25 kN compressive force per bolt. The metal
foam flow-field model exhibits a significant reduction in
contact pressure variation across the surface of the MEA
compared to the conventional land and channel design.
Variation between the maximum and minimum contact
pressures was 2.66% for the foam flow-field and 57.41% for the
conventional design, excluding the channel areas with no
contact. The significant reduction in variation with the foam
flow-field is due to plastic deformation of the foam under
assembly loads compensating for deflections in the endplatesEA under compression; (a) 0% compression, (b) 15%
pression material fraction, (e) 25% compression, (f) 25%
ial fraction, (h) 25% compression porosity distribution.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 7 5 8 3e7 5 9 57592under the clamping force. Under the 12 kN clamping force
(1.5 kN per bolt), themaximumandminimum thickness in the
foam flow-field were 813.8 mm and 745.8 mm respectively,
corresponding to 83.1% and 82.9% porosity.
Whilst plastic deformation during assembly is beneficial
for providing even contact pressure distribution, over-
torqueing bolts and external impacts can lead to irreversible
compression of the foam, reducing porosity and causing
irreversible damage to the stack. The effect of increased bolt
loads on the stress distribution in the foam and gasket is
shown in Fig. 10. Themodel results demonstrate that once the
foam has been compressed to the thickness of the gasket, the
load path transitions from the foam to the gasket which has aFig. 9 e 1/4 cell (50 £ 50 mm) GDL contact pressure distribution
flow-field, (b) graphite bipolar plate, (note: different scales).higher stiffness. The transition of the load away from the
foam reduces the risk of irreversible plastic deformation due
to overtightening. This demonstrates how the selection of
gasket thickness, stiffness and contact area is essential in
controlling flow-field porosity in a metal foam fuel cell.
At operating temperature and humidity, the fuel cell
components are subjected to thermal expansion; additionally,
the membrane also experiences expansion due to water up-
take and a reduction in Young's modulus during operation.
Previous studies using a 1D model and conventional flow-
fields have demonstrated up to a 15% increase in MEA con-
tact pressure during operation [51]. In a fuel cell with metal
foam flow-fields, the additional loading during operationin an 8-bolt 100 cm2 PEMFC, 1.5 kN per bolt, (a) metal foam
Fig. 10 e Contact pressure distribution between foam/GDL and BPP/gasket at different compressive loads.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 7 5 8 3e7 5 9 5 7593could lead to further plastic deformation of the foam. Thermal
and hydration expansion are represented in the model using
the equivalent coefficient of expansion (Eq. (3)) and a look-up
table for PEM Young's modulus. When operating conditions of
80 C at 90% relative humidity are applied to the cell, the
maximum GDL contact pressure increased by 2.5% from 1.139
to 1.168 MPa. After returning to 20 C at 30% relative humidity,
the maximum GDL contact pressure reduced to 1.120 MPa, a
29 kPa reduction from the initial assembly condition. Beyond
the first operating condition cycle, the foamflow-field exhibits
no further plastic deformation, with maximum GDL contact
pressure cycling between 1.120 MPa (ambient) and 1.170 MPa
(operational). The small amount of hysteresis during the
initial cycle is due to the expansion of components plastically
deforming the foam. Whilst this is not present in further cy-
cles to the same operating conditions, overheating of the cell
may lead to permanent reductions in the compressive force,
and hence increase the contact resistance, of the fuel cell.
Simulations on a five-cell fuel cell stack with metal foam
flow-fields demonstrate excellent uniformity between cells.
Foam-to-GDL contact pressure and foam thickness for each
cell are shown in Table 4 for a total clamping load of 12 kN
(1.5 kN per bolt). Values for each cell are taken from the GDL
and foam furthest away from the stack centre. Due to the
symmetry constraint in the xy plane at the centre of the stack,
cells 1 and 5 are identical, as are cells 2 and 4. During as-
sembly, the five-cell stack is compressed by a total of 8.5 mm
(24%) to enable contact between the BPP and gasket, in a 100-Table 4 e Contact pressure and foam thickness of a 5-cell
metal foam fuel cell stack.
Cells 1 and 5 2 and 4 3
Foam to GDL contact
pressure (MPa)
Max 1.109 1.109 1.108
Min 1.087 1.087 1.087
Foam thickness (mm) Max 811 810.9 810.9
Min 788.6 788.9 786.5cell stack this would increase to 170mm,whichwould require
external compression prior to the clamping method being
applied.Conclusions
The mechanical behaviour of porous metal foam flow-fields
has been studied from the micro-scale interaction between
foam ligaments and the GDL, to the macro-scale stack level
pressure distribution. When the foam flow-fields are com-
pressed in-situ with a membrane electrode assembly, signifi-
cant penetration of foam ligaments into the carbon paper GDL
was seen. This interaction between the foam and GDL results
in high normalised contact areas and a continuous porosity
distribution profile from the flow-field to the catalyst layer.
Increased foam compression lead to improved electro-
chemical performance caused by a reduction in interfacial
contact resistance, although at the expense of mass transport
losses. Higher foam compression levels leads to a reduction in
cell pitch and hence an increase in volumetric power density.
At the macro cell and stack level, finite element analysis
simulations demonstrate that plastic deformation of the foam
during compression leads to significantly improved contact
pressure distribution across the cell. Thickness control and
over-compression protection of the foam flow-field can be
avoided through appropriate selection of gasket thickness and
stiffness; repeated temperature and humidity cycles are also
seen to have a minimal influence on contact pressure.
The findings of this work can be used to optimise porous
metal foam flow-fields for improved performance in future
PEMFC designs.
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AppendixTable 5 e Material properties for the FEA model.
Component Value
Endplate e Stainless steels
Width/height 144 mm
Thickness 20 mm
Young's modulus 180 GPa
Poisons ratio 0.3
Thermal expansion 77  106 K1 [52]
Bipolar plate e Stainless steel (foam cell)
Width/height 116 mm
Thickness 1 mm
Young's Modulus 180 GPa
Poisson's ratio 0.3
Thermal expansion 77  106 K1 [52]
Bipolar plate e Graphite (standard flow-field)
Width/height 106 mm
Thickness 3 mm
Young's modulus 10 GPa
Poisons ratio 0.25
Channel height 1 mm
Channel thickness 1 mm
Number of channels 48
GDL
Width/height 100 mm
Thickness 200 mm
Young's modulus Variable [46] (15 MPa@38% strain)
Poisson's ratio 0.25 [48]
Thermal expansion 7.9  106 K1 [52]
PEM
Width/height 116 mm
Thickness 50 mm
Young's modulus Variable [48]
Poisson's ratio 0.4
Thermal expansion 90  106 K1 [52]
Hydration expansion 0.0115 l1 [51]
Gasket
Width/height (outer) 116 mm
Width/height (inner) 100 mm
Thickness 1 mm
Young's modulus Variable [46] (50 MPa @ 17% strain)
Poisson's ratio 0.3
Thermal expansion 77  106 K1 [52]
Foam
Width/height 100 mm
Thickness 1.6 mm
Young's modulus Variable (this work)
Poisson's ratio 0
Clamp
Bolt diameter 8 mm
Number of bolts 8
Young's modulus 180 GPa
Poisson's ratio 0.3
Thermal expansion 77  106 K1 [52]r e f e r e n c e s
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